Abstract: This paper explores the baby boom's impact on U.S. house prices and interest rates in the post-war 20 th century and beyond. Using a simple Lucas asset pricing model, I quantitatively account for the increase in real house prices, the path of real interest rates, and the timing of low-frequency fluctuations in real house prices. The model predicts that the primary force underlying the evolution of real house prices is the systematic and predictable changes in the working age population driven by the baby boom. The model is calibrated to U.S. data and tested on international data. One surprising success of the model is its ability to predict the boom and bust in Japanese real estate markets around 1974 and 1990. 
Introduction
This paper explores the extent to which the baby boom has impacted U.S. house prices and interest rates over the latter half of the 20 th century. Without question, the baby boom has had a direct and large impact on the dynamics of the U.S. age profile. These dynamics have manifested themselves in changes to the proportion of the population that is of working age. The boomers entered the labor force en masse between 1967 and 1973 and, over the subsequent 35 years, they increased both the size and the growth rate of the potential labor force. The baby boomers are now about to leave the workforce. As they retire, the size of the working age population will fall as will output per person.
These changes in the working age population and the associated impact on output have had and will continue to have a first order effect on house prices and interest rates in the United States. This paper builds on the intuition of the well known paper by Mankiw and Weil (1988) . That paper predicted that the baby boom would lead to a peak in house prices in 1989 (they were right) and then to a large permanent fall in the real price of housing from that point forward (obviously wrong). The intuition for this result is simple. If households exhibit hump-shaped demand for housing over the life-cycle and if housing is relatively difficult to build, then house prices should exhibit a peak at the time that the baby boomers reach their peak demand and should decline as the boomer's demand for housing wanes. The obvious gulf between their predictions and the increases in house prices between 1995 and the present have caused many to dismiss both the Mankiw and Weil paper and the impact of the baby boom on house prices in toto.
This paper will resurrect their intuition. Mankiw and Weil missed the upturn only because they worked in a partial equilibrium environment and over the course of the 1990s general equilibrium effects began to dominate the contemporaneous demand effects. In other words, they neglected both the impact of discount rates on house prices and the impact of the baby boom on the discount rate. By working in a structural model, this paper is able to consider the general equilibrium effects without neglecting the demand effects which are so important in the work of Mankiw and Weil. Indeed, I will show that, if the interest rate effect is shut down in my model, the model will replicate the predictions of Mankiw and Weil.
In this paper, the baby boom impacts house prices through demand effects which are very similar to those hypothesized by Mankiw and Weil; demand for housing is high when the working age population is large relative to the total population. However, this paper achieves a very different price path than that of 1 Mankiw and Weil because the baby boom also affected interest rates and interest rates impact house prices.
In order to gain a quantitative idea of the magnitude of the effect of the baby boom on house prices, I
develop a general equilibrium model which takes as input an exogenous demographic structure. Using a parsimonious and standard Lucas asset pricing framework, the model demonstrates that the demographic profile in the United States is a likely driver of both house prices and interest rates in the post-war era. In this paper, changes in the size of the working age population determine the labor input into a neoclassical production function. The model takes as given the endowment of capital, labor, and the stock of housing.
As I work in an endowment economy, the model will not replicate the time series of capital accumulation -neither business nor residential. Since both of these stocks are assumed fixed, the model also misses the increase in consumption of both goods and housing services observed in the data. However, the model exactly replicates the increase in the ratio of consumption of goods and services to the consumption of housing services as reported in the National Income and Product Accounts. That is, the ratio of consumption to housing services increases by 18 percent in both the model and in the NIPA data over the period 1974 to 2004. 1 When the size of the working age population is temporarily high as it is now, output is temporarily high and households wish to transfer assets to the future. Because ability to do so is limited 2 , there is upward pressure on real asset prices -house prices rise, interest rates fall. 3 The increase in house prices occurs now despite the certain knowledge that once the baby boomers retire real house prices will fall.
The model is calibrated to replicate low-frequency U.S. house price movements between 1963 and 2005.
Only two parameters of the model are used in the calibration -the elasticity of intertemporal substitution and the elasticity of intratemporal substitution. The first objective of the calibration is to exactly match the increase in house prices over the period 1963 to 2005. The second objective is to match the low-frequency 1 The dates for the comparison are chosen to include the dates for which the baby boomers were fully incorporated into the work force. It is worth noting as well that the increase in relative consumption is not calibrated but rather is an implication of holding capital and productivity fixed while adjusting the labor input to replicate the impact of the baby boom. 2 Any individual agent can transfer output over long periods of time by trading long-lived bonds. Thirty year bonds exist and exhibit fairly liquid markets. However, to undo the effects in the model real output must be physically transferred from today to the future. As the demographic shocks discussed in this paper occur over 30 to 50 year intervals, it is difficult to think of a real asset capable of making this transformation. Think of real capital and assume it depreciates at a mere 5 percent per year. Almost 80 percent of the capital is consumed by depreciation over the 30 year period. On a discounted basis over 95 percent of the capital is eroded. It is in this sense, that the ability to transfer assets to the future is limited. 3 In actuality, whether or not house prices rise or fall in response to a future fall in output is parameter dependent. I show that this is true if and only if the cross-derivative between consumption of goods and consumption of housing is negative. For CES utility, this implies that the elasticity of intertemporal substitution must be less than the elasticity of intratemporal substitution. It turns out that this is the same requirement for house prices to fall when interest rates rise. swings in house prices. House prices have exhibited several cycles over the past 45 years and the goal of this paper is to replicate the timing and amplitude of these cycles using only demographics as an exogenous input to the model. The model is very successful at matching the timing of the housing cycle. With the exception of the 1973 peak in house prices, the model matches every peak in the data as well as every trough. While the model does quite well in matching the overall increase in house prices over time, it does not replicate the amplitude of the peaks and troughs. 4 This model is the first model to my knowledge that is capable of matching each of the turning points in the data using a unified explanation. 5 Without changing the parameters of the model, I test the model's ability to replicate the pattern of long-term real interest rates. 6 Ignoring high frequency movement in the real rate, the model is consistent with interest rates over the period 1950 to 1972 during which interest rates rose and then fell and over the period 1990 to 2005 during which interest rates fell. In the intervening period, the model interest rate is too high relative to the data in the 1970s and too low relative to the data in the early 1980s. To restate this result, using the parameters which are designed to replicate house prices, the model exactly matches long-term interest rates for 37 of the past 55 years.
While the model misses the measured level of real rates in the 1970s, there are some interesting aspects of the nominal yield curve, in this time period, which are echoed in the real yield curve in the model. During this period, the nominal yield curve is consistently upward sloping. The common interpretation of this result is that agents had embodied large inflation expectations into the yield curve throughout the Fisher effect (Piazzesi and Schneider (2005)). In this model, the real yield curve is upward sloping. In the early 1970s, short rates are declining and long rates are increasing as they incorporate the increases in output which occur over the next 35 years.
The question remains "How rational do agents have to be in order to incorporate the output increases observed in the 1990s into the price of bonds being traded in the 1970s?" Do the agents need to have a 4 Conditioning on observed productivity shocks would improve the fit of the model. Alternatively, a model with endogenous collateral constraints as in Lustig and Van Nieuwerburgh (20050 would likely improve the ability of the model to replicate the amplitude of he swings in house prices. In this model, the collateral constraints would serve as an accelerator (see Campbell and Hercowitz (2004) ). 5 Of course, researchers have been able to match the individual peaks and by extension match every peak using a unique explanation for each episode (see Ahearne et al. 2005) . The common explanations are as follows: 1969 -the expansion associated with the Vietnam war; 1973 -housing as a hedge against inflation; 1979 -change in the U.S. tax code; 1989 -expansion of bank loans; Current -steady low inflation brought about by improved monetary policy. 6 Long-term real interest rates are defined as 10 year treasury yields adjusted for inflation expectations. For the period 1950 through 1982, I use a backward looking two-year moving average of inflation to proxy for inflation expectations. From 1982 forward, I use the survey of professional forecasters available from the Philadelphia Federal Reserve. demographic model like the one presented in this paper in order to anticipate the change in output? The answer is no. Individual agents simply looks forward to their own path of lifetime labor income. The agents in the model know their life time working hours and realize that their highest output years are yet to come.
They realize that in the future their own household output per person will rise (their children becoming adults). Therefore, each agent wishes to borrow against these future increases in wealth. Unfortunately for them, the shock that they face turns out to be aggregate -their cohort goes to the bond market with them and interest rates rise. This is simply the flip side of why interest rates are low now.
One of the most surprising results of this paper is its ability to replicate the decline in output volatility (2003)). The demographic model has none of these channels, implying that the good luck noted by Ahmed et al (2002) can simply be named predictable demographic changes. As the baby boom moderated so did the economy.
While it is a success in itself to match both house prices and interest rates in a such a parsimonious model, we further test the model's ability to match house prices in other industrialized countries. I test the model on data for the United Kingdom, Japan, and Ireland. The model succeeds in each case in matching both the trend in house prices and most of the major peaks in each country. Japan is the most remarkable case.
Between 1970 and 2005, Japanese real house prices exhibited peaks in 1974 and 1990. Since 1990, real house prices have fallen around 34 percent. The sharp increase in real estate prices in the 1980s followed by a fifteen-plus year fall in prices has led many to refer to 1980s Japan as the original bubble economy (Bayoumi and Collyns (2003)). This simple model, using Japanese demographic data, successfully predicts the 1974 and the 1990 house price peaks. Strikingly, the model also predicts a 30 percent decline in real house prices over the fifteen years following the 1990 peak.
The paper proceeds as follows. In the next section, I outline previous work on the link between asset prices and demographics. In section 3, the economy is presented and the two key asset pricing equations are derived. Section 4 outlines the key theoretical properties of the model. This section derives the link 4 between interest rates and house prices. In section 5, the price responses of the model are simulated in order to give a quantitative feel for the theoretical results given in section 4. Section 6 inputs the baby boom into the model and calibrates the model to U.S. house prices. Section 7 gives the results of the calibrated model. Section 8 test the model on international data. Finally, I conclude.
Relationship to Previous Work

Baby Boom and Asset Prices
A number of previous studies have attempted to uncover the relationship, if it exists, between asset prices and the baby boom. These papers have met with only limited success. Almost all of these papers have focused on equity prices 7 and almost without exception these papers have attempted to exploit life-cycle properties of savings and investment behavior. My primary concern with exploiting the life-cycle properties observed in the data is that it is not known a priori whether these changes are fundamental or whether they themselves are induced by the out-of-equilibrium dynamics. Indeed it might be argued that even institutional structures such as the social pension schemes have been maintained only because the baby boom has kept their cost relatively low. A different population age-profile would potentially have very different impacts on asset prices and hence would produce very different cohort behavior. It is with this concern in mind that I shut down such effects in the model. Porterba (2004) offers a survey of many of these models. Abel (2001 Abel ( , 2003 shows in an over-lapping generations model that a baby boom followed by a baby bust reduces the life-time rate of return for the baby boom cohort. The results are sensitive to the specification of the bequest motive, which implies the results are quite sensitive to the specification of the life-cycle properties of consumption. 8 Yoo ( is quite sensitive to the assumed steady state properties of the model. Storesletten (2003) offers a model 7 An important exception to this is the study conducted by Mankiw and Weil (1988) which is discussed in the next sub-section. 8 De Nardi (2001) shows in her dissertation and in subsequent work with Cagetti (2005) that the savings properties of over-lapping generation economies are quite sensitve to the bequest motive. 
The Economy
The economy consists of a single representative agent. While more complicated demographics could easily have been implemented in the model, this framework ensures the absence of the life-cycle type savings behavior which is the focus of so much of the previous work. That is, the dynamics in this model are not driven by dissaving on the part of some sub-set of agents but rather by aggregate fluctuations in output.
The representative agent framework will also allow closed-form solutions for the pricing equations. The closed-form solutions, in turn, give very clean theoretical results.
The baby boom will be modeled as changes in the agent's endowment of time. The amount of time that the agent has to work in any period represents the percentage of the population which is of working age in a period. In other words, changes in the size of the working age population relative to the total population are modeled by adjusting the endowment of time between 0 and 1. A value of 1 implies that the entire population is of working age; likewise, a value of zero implies the population is non-productive. 9 Empirically, values for this number have varied between near 0.78 in 1972 to around 0.95 in 2005 for the United States.
As the percent of the working age population exactly determines output in this economy, variation in the size of the working age population will map directly into changes in endowment of the consumption good.
One aspect of the economy which is significant and which the current exercise forgoes is endogenous capital accumulation. This omission is important as allowing households the ability to smooth consumption over time mitigates the effects of output declines. However, there are several reasons why this omission is not as restrictive as in many previous papers. The effects of capital accumulation on prices are not as straightforward in this model as in a standard model as capital interacts in a subtle manner with house prices. That is, accumulation of capital today increases output of market goods today which tends to raise house prices.
Further, I argue that most inter-generational savings is of second-order importance. The effects drawn 9 In a single household, the thought experiment is as follows: A couple with no children has time endowment of 1. A couple with three children (all below working age) was a time endowment of 2/5. A couple with three working children has a time endowment of 5/5. The same household with two retired parents has a time endowment of 3/5. 6 upon here are not driven by transfers from young to old which have no effect on economy-wide consumption.
Rather, the effects exploited in this paper are driven by the aggregate economy's inability to transfer consumption between today and tomorrow. In the model presented here, the shocks occur over 20 to 50 year time periods and are more-or-less uninsurable. The shocks have real effects beyond what would be mitigated by inter-generational transfers. Note, that independent of the level of the capital stock, upon the retirement of the baby boomers, labor input and therefore output fall.
The model also ignores international capital flows. That is, the model relies on a closed economy assumption. This assumption is important as differing demographic structures across the world may allow international risk sharing. However, although there are difference in the demographic structures across countries in the industrialized world these differences are actually quite small. Given the long-lived nature of the shocks and the similarity in shocks across countries risk sharing may not be possible. Risk sharing between the industrialized world and the developing world may be limited by the development of financial markets in the latter or by the omnipresent risk of sovereign default in much of the developing world.
Endowment
The agent is endowed with a fixed amount of time which may change from period-to-period; however, the time path for the labor endowment is known with probability one from time zero. That is, while the time endowment may shift over time, the agent has perfect foresight over these changes.
The agent is endowed with a unit of housing. This assumption is intended to mirror an assumption in the data section in which the stock of housing per person is held constant. The critical assumption is that the stock of housing is not a function of the time endowment of the agent.
Technology
The model is a simple two sector model. One sector produces consumption goods taking labor as input.
Labor is transformed to efficiency units through a productivity parameter. The other sector (thought of as the home sector) takes the stock of housing capital, scales it by a productivity factor, and produces housing services. Production of housing services does not require time as an input. Output from neither sector is storable, although housing capital itself is thought of as perfectly durable. Productivity is assumed constant in both sectors. 
The Agent's Problem
The representative agent chooses sequences of consumption, c, and housing capital, H t+1 , and zero-net supply bonds, A t+1 , in order to maximize a time additively separable utility function as follows:
N t is the time t endowment of time. N t is normalized to lie on the interval between 0 and 1. The implicit price of the zero-net supply bonds is
, and the price of housing capital is p t . Z The agent discounts future utility at rate β.
Prices adjust such that the following equilibrium conditions are satisfied
The equilibrium conditions make it clear that the agent may not transform market output to home output nor may the agent transform home output to market output. There is no storage.
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The first order conditions are as follows:
where λ t is the Lagrange multiplier on the time t budget constraint. One may solve for p t by finding a solution to the difference equation implied by the first order condition for H t+1 . After substituting for λ t from the first order condition for c t ,the solution is found by iterating forward on p as follows:
The first term in the last line, β
Uc(ct,ht) , is simply the agent's effective rate of time discount between period t and period t + s. This term is often referred to as the pricing kernel and is the factor used to discount the payoff of any future return. 10 The second term in the last line, Interest rates evolve according to the following equation:
where R t+s denotes the total rate of return between period t and t + s. The expectations hypothesis for the term structure of interest rates holds exactly in this model, i.e. long real rates are simply the product of one period returns.
Combining the equation for house prices and the equation for interest rates, we derive the commonly used expression for the price of housing.
The price of housing in period t is the present discounted value of rents, where the appropriate discount rate is the real interest rate. This equation is often misused and is the equation by which the statement "housing is under-responsive to interest rates" (Campbell et al (2005)) is made. If we hold rents constant, then this equation implies that prices must respond one-for-one with any permanent change in interest rates. Think of the example in which we simply reduce the entire term structure by a factor θ. Then
the price level simply adjusts by the factor 1 θ . Since measured real rates appear extremely persistent (Campbell et al (2005)), any measured change in the real rate would be expected to have a large effect on the price level. The fact that this is not true in the data leads to the under-responsive statement above. However, this thought experiment is based on a false premise -that we can change interest rates and not the flow of rents.
In this class of models, house prices and interest rates are driven by the same underlying fundamentals -the time series of housing and goods consumption. Changes in the path of either will, in general impact both assets. In section 4 below, I show that only in the case where U hc is zero can this experiment be reliably conducted. 10 
Theoretical Analysis
In this section, the relationship between prices interest rates and output at all horizons is established.
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Perhaps the most important result in this section is Corollary 2. Conventional wisdom based on equation 4 is that house prices and interest rates must have an inverse relationship. That is, any increase in the interest rate must lower house prices. This statement turns out to be parameter dependent. Because any change in interest rates is, in general, associated with a change in rents, this statement is only true if the cross derivative between housing and consumption is negative. This result is important because it shows us that the intuition which leads to equation 5 is fatally flawed.
The response of interest rates to a change in future consumption is straightforward and standard. Agents would like to smooth consumption. Because they are unable to do so, bond prices must adjust such that the agent is content with his current endowment.
Proposition 1 A fall in future goods consumption at date s decreases interest rates for bonds paying off in period s but leaves other interest rates unchanged:
∂R t+j ∂c t+s ≤ 0 with equality if and only is j = s.
Proof. This result is straight forward from the bond pricing equation or from the fact that the expectations hypothesis holds in this model. The payoff of a bond paying off in period j is affected by changes in allocations in those periods only. That is only for the period to which the agent would like to reallocate consumption does the interest rate structure change. This is immediate from the formula
A direct implication of the above theorem is that changes in future consumption move the term structure of interest rates in a very specific manner. The following corollary shows that the yield curve becomes generally flatter only for changes in consumption which occur over long periods of time. That is, short term changes in consumption impact interest rates at specific horizons; therefore, a flatter yield curve consumption implies lower consumption at all long dates relative to all short dates.
Corollary 1
The yield curve becomes flatter (steeper) between bonds dated s − k and bonds dated s + j if consumption falls (increases) at all dates s + j:
Proof. The result follows from the above theorem. Since
∂ct+s ≤ 0 with equality if and only if c j < c s , then
∂ct+s < 0 if and only if c j < c s . Whereas the impact of changes in consumption on interest rates is immediate, the sign of the change in house prices today in response to a future fall in consumption is ambiguous. The reason for the ambiguity is because housing is a durable good and hence its price is impacted by the discount rate but it is also a consumption good and hence its price is impacted by its relative scarcity. Take the case of a fall in future consumption. The fall in consumption lowers interest rates which puts upwards pressure on house prices.
However, the fall in consumption also makes housing relatively plentiful which puts downward pressure on prices. The relative strength of these two forces determines whether prices rise or fall in response to changes in future consumption. As the next proposition shows, the relative strength of the two affects is determined by the sign of the cross-derivative, U hc .
Proposition 2
The real price of housing rises (falls) in response to a fall (rise) in future goods consumption if and only if the cross-derivative between consumption of goods and the consumption of housing is negative:
Proof. This result is straightforward from differentiation of the pricing equation for housing. We have after simplifying
Differentiating with respect to c t+s , we have
The last result occurs because there is a direct and an indirect effect. Consumption falls so we wish to move consumption to that period on the other hand the relative price of consumption in that period rises so we would like to move more consumption to that period in the form of housing. Our ability to make this trade-off then relies on relative elasticities. The same effect can be seen in examining the response of interest rates to changes in h t+s . In this case, the interest rate effect also depends on the relative elasticities or more specifically on the sign of the cross-derivative.
Proposition 3
Interest rates rise (fall) in response to a rise (fall) in future housing consumption if and only if the cross-derivative between consumption of goods and the consumption of housing services is negative:
Proof. Again the equation for interest rates is
Since the first two terms of the derivative are always positive, sign
It has long been assumed in the empirical and theoretical literature that housing and interest rates should have an inverse relationship. The last two theorems show that this does not have to be the case. Indeed the previous propositions show that the change in interest rates and prices will depend on the both the sign of U ch and on whether interest rates and house prices are responding to future or contemporaneous movements and whether the movements are caused by changes in c or h.
Corollary 2 House prices and interest rates have a weak inverse relationship if and only if the cross-
derivative between consumption of good and the consumption of housing is negative: sign
Proof. The result is checked first for x = c and then for x = h. If x = c, above it was shown that
Hence, for the case of changes in future consumption the result is
Given the if and only if relation for both h and c the proof is complete.
At this point, the relationship between both interest rates and prices to changes in future consumption of housing and market goods has been established. The response of house prices to contemporaneous changes in consumption is now examined.
Condition 1 is a statement on the relative scarcity of consumption of numeraire relative to housing consumption. If the condition holds, housing is sufficiently scarce that consuming one extra unit of housing forever is worth more than consuming an extra unit of consumption today.
Proof.
Proposition 4 House prices rise (fall) in response to a contemporaneous rise (fall) in consumption if and only if the cross-derivative between housing and consumption is negative:
Proof. Using the price of housing
t+s and this time differentiating with respect to c t .
Hence sign
and a similar result for the response of interest rates to a contemporaneous change in housing 
Proof. Using the interest rate equation for an arbitrary horizon s, R t+s =
U c (c t+s ,h t+s ) , and differentiating with respect to h t , implies
Implications of the model are now examined.
Simulation
In this section, we study the magnitude of the response in prices and interest rates to changes in the time path of consumption. The simple experiments given in this section will not only demonstrate how the theoretical results derived in the last section work in practice but will also pin down the potential magnitudes of changes in output on asset prices. That is, does the fact that house prices have the potential to increase in the face of a known future change in output have relevance or is the change so small as to be beneath recognition.
14 The two relevant pricing equations, in terms of the CES utility function, are
The top equation is the price of housing and the bottom is the real interest rate. In order to ease exposition, define the function m t+s = µ (γc
. Written in this manner, the discount of future payoffs changes symmetrically (modulo γ) to changes in c t+s and h t+s but only change in h t+s affect future rents. This formulation turns out to be convenient when examining the effect of changes in consumption on prices.
The model has four parameters which must be chosen -γ, α, σ, β. The parameter γ determines the share of housing consumption in utility This parameter can be adjusted to match any level of prices (see . 12 The parameter β is the standard time discount rate. This parameter will be set such that the real interest rate is 4 percent over any constant consumption path. The parameters α and σ govern the elasticity of intratemporal substitution and the elasticity of intertemporal substitution respectively. In terms of the theoretical analysis section, it is these two parameters which govern the sign of the cross-derivative, U hc .
As a reminder, for the CES utility function, the sign of the cross-derivative depends entirely on the sign
If the two types of goods are more substitutable intratemporally than intertemporally, then (1 − σ − α) > 0 and the cross-derivative is positive, otherwise it is negative. Notice, that, since α ∈ (−∞, 1), the crossderivative is positive only if the two goods are significantly more complementary than Cobb-Douglas utility (α = 0).
Permanent Fall in Consumption N Periods Ahead
In the first experiment, the impact of a permanent fall in consumption N periods in the future is examined.
The fall in consumption N periods in the future is revealed in period t. 13 We can use summation by parts to write the pricing equation for housing in two pieces as follows:
The first term is the sum over all dates up to the event date and the second term is the sum of all dates on or after the event date. Since the above equation is the time t pricing equation, the denominator of both m t+s and the rent term consist solely of date t values implying that the denominator is the same before and after the event date.
Since consumption falls permanently at date N and is unchanged between t and N, m t+s takes on only two distinct values. It takes on value m 1 for all dates prior to the event date and value m 2 for all dates on or after the event date. Recalling that h is constant by assumption, the pricing equation can be written as follows
where the second equation uses the formula for geometric sums to arrive at a closed form solution for the time t price of housing.
The formula for the price of housing is simply a weighted sum of m 1 and m 2 , where the relative weights are a function of the remaining time between the current period, t, and the event date, N. As the economy approaches the event date, the weight on m 2 converges from below to 1 1−β and the weight on m 1 converges from above to zero. That is, the difference between consumption at date t and consumption after the event date becomes increasingly important as the event date approaches.
Whether
and m 2 is positive, p N is always less than p N −1 . House prices fall discreetly at the event date. This is true independent of assumptions on parameters. Rents fall because housing is relatively less scarce after the event date and house prices are just the discounted sum of rents. By extension, house prices are also lower after the event date than before the announcement date. Figure 1 shows the price of housing for a specific parameterization. Prior to the announcement date, period 1, consumption of both housing and other goods are set equal to one. At date 1, the announcement that consumption of goods will fall by 30 percent at date 50 is made. Figure 4 shows the evolution of house prices from five periods before the announcement until ten periods after the event date for several different values α. The other parameters are set as follows: (σ = 3, β = .96, γ = .7). The first vertical line demarcates the announcement date and the second vertical line demarcates the event date.
Prices rise in response to the announcement and continue to rise until the event date for all values of α which are greater than -2 (1 − σ). When α is equal to -2, price do not change until the actual event date when rents fall. For all values of α less than -2, price fall steadily between the announcement date and the event date. In all cases, the price of housing falls at the event date. The fall in price occurs because at date 50 rents fall precipitously 14 The important thing to take away from this simulation is that the price of 14 Recall, the rental price of housing in period t is given by
. Hence, rents are governed by γ and α and the relative size of the two goods. Notice, the more negative is α the more rents fall at date 50 and that rents are absolutely constant until date 50.
housing can rise today even in the face of a perfectly certain fall in prices in the future.
Housing, acting effectively as a consul bond paying off in rents, is affected period-by-period between period t and N. The interest rates on single period bonds and the term structure are however only affected at intervals over which the event occurs. Using our notation, the s period interest rate is written as follows 
Changes in the Growth Rate of Consumption (a baby boom)
The second experiment is designed to show how house prices behave along different consumption paths.
To fix ideas, the value of α is set to -.05 and the value of σ is set to 3. This experiment is meant to demonstrate the mechanisms at work over a baby boom. To do so, consumption will be held constant for 25 years (pre-entry into workforce), allowed to grow at 1 percent per year for 25 years (the baby enters the workforce), held constant again for 25 years (not yet retired), and then fall at 0.5 percent for 25 years (the baby boom retires) before being held constant for the infinite future (back to the steady state). Figure 1a shows the results of this simulation. The solid line is the price path of housing. The dashed line is the path of rents. Recall that the path of rents is isomorphic to the path of consumption. The dashed dot line is the rent-to-price ratio for this economy.
First, note that house prices are not constant during either of the periods in which consumption is not changing. Not surprisingly given the results of the last simulation, the path of prices in influenced by future consumption. Over the first twenty five years, the agent looks forward to the relatively good times once the baby boom enters the workforce. The relatively high interest rates imply falling house prices over this period. In the second zero consumption growth period -periods 50 through 75 -prices rise as real interest rates fall in anticipation of the baby boom's retirement. Over the period with rising consumption, the increase in house prices is almost double the increase in rents. This rise occurs because consumption is rising relative to housing raising rents and because real interest rates are falling because consumption will grow less quickly in the future. The rent-to-price ratio reaches a high of just above 4.7 in period 25 before plummeting to a low of 3.7 in year 75. The rent-to-price ratio returns to its steady state value of 4 at the end of the sample as consumption remains constant from period 100 forward.
6 The U.S. Baby Boom
Interpreting the Baby Boom in a RA Model
The model will now be fit to the U.S. data. The model presented above is a representative agent model. In order to replicate the impact of the baby boom, the time endowment of the agent will be adjusted to match the proportion of the population which is of working age. That is, if half of the population is between the ages of 25 and 64, the time endowment of the representative agent will be 0.5. Notice that this assumption implies that agents who are working age are engaged in productive activity whether or not they are in the formal market sector. This view is not completely standard but is consistent with the home production literature and the human capital accumulation literature. That is if a person of working age is not in the traditional labor force then they are engaged in some type of home production (for example, a woman who quits work to raise children is producing home goods). The assumption assumes that retirees and children have zero productivity. At this time, no attempt is made to adjust these populations. For example, one might think that while the output of retirees relative to their consumption is lower than a working age person, that output is still positive. Similarly for children. Indeed Francis and Ramey (2005), attempt to include a subset of both of these populations in their measure of the potential labor force. A generalization of the model might wish to specifically consider this aspect.
Key Features of the U.S. Data
To begin, the model will be tested against data from the United States. Figure 2 shows the total population, the working age population, and the population under the age of five for the United States from 1940 to 2099 (data from 2005 forward are projections 16 ). The original baby boom, the baby bust, and the subsequent baby boomlet are evident in the data. The growth rate of the population under five is high relative to the rest of our sample from 1937 to nearly 1960 17 . Figure 3 
Fitting the Model to the Data
The only external input to the model is the relative size of the working age population. This data was shown in Figure 3 . The baby boom has effected the relative size of the working age population since they Recalling the relative forces on house prices from the simulation and theoretical analysis sections, contemporaneous increases (falls) in consumption increase (decrease) house prices. Future, changes in consumption may put upwards or downwards pressure on consumption depending on whether the inter or intratemporal elasticity of substitution is stronger. As a result, given the increase in the working age population over the sample period, matching the general increase of house prices is straightforward.
Matching the Average Increase and Mankiw and Weil
To illustrate the ease with which the average trend is house prices is matched, the discount rate is set to zero leaving only the parameters γ and α to match the average time series of house prices. The solid bold line in Figure 7 gives the results of this exercise. The object of the exercise is to match the average increase in house prices over the time period. This will be true if the endpoints of the simulated and actual series match.
In other words, the model is to match two data points using two degrees of freedom. method also fails to match high frequency movements in the price of housing. Apparently, both the effects of the housing demand and the discount rate are needed to replicate house prices.
The Calibration
Moving on to the actual calibration of the model. Three parameters from the model are adjusted to replicate the time path of house prices -β, σ and α. It turns out that a value of β near 0.96 works very well in the calibration. This value of β implies a risk-free rate of around 4 percent when the working age population is in a steady state, a not unreasonable number for annual data.
With β fixed, there are three remaining parameters to calibrate, (σ, α, γ). The parameter γ is chosen so that the indexes of the two series match in 1994. This year is chosen because it fits well between two turning points in the data. It is prior to the beginning of the current run-up in house prices and it is after the turndown in prices which occurred following the 1989 house price peak. The calibration proceeds as follows:
First, compute the price path implied by every pair (σ, α) . Given a path, check to see if the end points of the two data series coincide. If they do not, throw out the pair. Second, for each remaining price path, check the distance between the implied path in 1989 and 1979. Keep the pair with the minimum distance between the simulated data and the actual data. Essentially, we force the model to pass through the points 1963, 1994, and 2005 (we have three parameters so there is guaranteed to be at least one combination which satisfies the choices the three points). Then given that the model passes through the three points, the fit of the model is tested against the two largest peaks in the data.
There are, of course, other criteria which could have been used in order to match house prices. Fro example, a careful implementation of non-linear least squares would have achieved a fit with the minimum squared errors. However, the above method allows the model to achieve the best fit in terms of the shape of the underlying function. The challenge in house price models is in matching the turning points. The 23 method outlined above turns out to do a very good job at matching these points. Statistical best fit routines tend to minimize the deviations caring very little about the overall shape. In this sense, the routine used here is just a naive shape fitting algorithm.
Does the Model Fit?
The output from the calibrated model is not fit to the data. From this point forward, no changes will be made to the parameters of the model -(β = .96, σ = 5, α = −.05) . In other words, from this point forward, the model parameters are taken to be data. In this section, house prices, interest rates, yield curves, and macroeconomic volatility implied by the model are compared to data on the relevant series.
House Prices
The path of house prices is given by the solid black line in Figure 8 . The model matches the end points of the data and does a good job of replicating the shape of the data. In particular, at every date in which the data exhibit a peak in house prices (with the single exception of 1973), the model also delivers a peak. In other words, the model has replicated the general shape of the data.
The general upward trend of house prices over the period is primarily attributable to the trend increase in consumption driven by the increase in the working age population over the period. Recall from the section above on the key features of the U.S. data, that the relative growth rate of consumption to housing is the same in the model and in the NIPA accounts. Therefore, this impetus in the model and the U.S. data are the same.
The mechanism which is driving up the relative price of housing over time is its relative scarcity with estimates are higher because they do not condition their models on the future fall in house prices. In essence, their models assume that house prices will evolve in the future according to the backwards looking statistical model. In other words, observing the same fall in interest rates and the same change in consumption without knowledge of the future fall in house prices their models predict increases in house prices which are greater than can be supported by a low elasticity of substitution. In this model, a reasonable elasticity parameter is found because the model explicitly conditions on the future fall in prices. This aspect alone keeps prices from being "too high."
The deviations in the model are caused by the interplay of contemporaneous changes to rents, the growth rate of future rents, and the future sequence of discount rates. As mentioned above, the model replicates the general shape of house prices, however, the magnitude of the swings in house prices generated by the model are not as large as those generated by the data. By design (see the calibration description above), the Will this decline in house prices occur? There are several channels through which the results of the model could give a misleading prediction of future prices. The first and perhaps most unlikely is that the rate of productivity growth in consumption goods picks up sufficiently relative to productivity in housing output to offset the decline in labor input. Second, and more likely, is that the model assumes that agents over the age of 65 have zero productivity. This is an unrealistic assumption. Agents over the age of 65 can 25 work and if they chose to do so in mass numbers then the timing of the downturn might be quite different.
I would note that they are most likely not as productive as younger workers and almost every body agrees (see Francis and Ramey) that at some point they will no longer be productive. Keep in mind, that while 30 percent seems fantastically large, I will show data for Japan in which the model exactly replicates the 34 percent fall in Japanese real house prices over 15 years. The second hump in interest rates occurs between 1984 and 2017. Notice, that the 1989 house price peak occurs during a time of rising real interest rates. That is consumption increases enough over this period to offset the decline in prices which would have been implied by the rising interest rates. 18 Interest rates are high early in the 1990s because consumption is temporarily low as a result of the baby boomlet in the early 1990s and because households can look forward to the rapid growth in consumption which occurs in the second half of the 90s as the relative size of the working force population reaches a sample high.
Interest Rates
Going forward, long-term interest rates continue to decline until around 2020. The rise in interest rates following the year 2020 reflects the dying off of the baby boom generation. As that boom is slowly removed from the population figures, the economy gradually moves back to its steady state interest rate of just slightly 18 In U.S. data, real rates also rise over this period. This period emphasizes why it is so difficult to use regression analysis to understand the relationship between house prices and interest rates. Regressions over this period, either in actual data or from the model, imply a negative relationship between interest rates and prices. Therefore, inclusion of this period in a study, tends to weaken the implied relationship. This is one of the reasons that Mankiw and Weil did not include interest rates in their study. The interest rate effect would have gone the wrong way. above 4 percent. Notice, that the interest rate takes a long time to revert to its steady state level. The length of time reflects the long intervals over which demographics can effect macro variables. The long-rate in this model is of course just the accumulation of short rates but it is much better at showing off the trends in the data. The discussion now turns towards an explicit discussion of the short-rate. For the 1970s, the fact that the model does not replicate measured real rates is not surprising. This period of high and volatile inflation makes adjusting for inflation expectations over this time period difficult.
Typically large negative real rates are measured and my measured real rate series is no different. Over this period, it is likely that the measured interest rate exhibits a downward bias.
However, there are some interesting aspects of the yield curve over the 1970s which correspond to the yield curve in the model. Over the mid-to-late 1970s the yield curve was consistently upward sloping. The common interpretation of this result is that agents had embodied large inflation expectations into the yield curve through the Fisher effect (Piazzesi and Schneider (2005)). In this model, the real yield curve (for bond horizons up to 30 years) is upward sloping. Short rates, in this time period, are still declining. Long rates however have begun to fully incorporate the anticipated increases in output which will occur beginning in the mid-1980s.
The model also misses interest rates in the early 1980s. In the early 1980s, measured real rates are very high. This is the period of the Volcker stabilization. Recent work by Goodfriend and King (2005) shows that survey inflation expectations in the early 1980s seem to be conditioned on the Federal Reserve's stated policy (low-inflation). Yet bond markets, the public, and the Federal Reserve 19 itself placed considerable weight on a return to a high inflation environment, implying our estimate of the real rate through this period exhibits a substantial upward bias.
However, even just considering the period from 1972 to 1990 as a complete miss in terms of interest rates, the model does a remarkable job of matching the overall pattern of interest rates. Notice that the model is 19 Goodfriend and King infer the expectations of the Federal Reserve from published minutes and Federal Reserve forecasts.
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exactly matching the evolution of the long rate for 37 of the 55 years in our sample. Most importantly the model replicates the long decline in real rates in the late 1990s. This decline is often attributed to improved monetary policy. However, I take it as supporting evidence that the retirement of the baby boomers will impact output in a substantial and negative way. Figure 11 shows the path of the model one-year interest rate. One of the most interesting outcomes of the model is the behavior of real short-term rates in the late 1960s and 1970s. The short-term interest rate skyrockets reflecting the entry of the baby boom into the workforce. Recall from the previous figure, the first negative real rate from the data appears in 1954. Interestingly, the model also predicts a negative real rate in the years 1954 and 1957. Note that the volatility in the short-rate appears to be higher in the first two decades of the sample than in later periods. Since, in this model, the short interest rate is isomorphic to changes in output, this volatility in the sort rate maps directly into volatility in real output.
Macroeconomic Volatility
Output volatility drops sharply in the model in 1984. Figure 12 gives (2002) find that the reduction in volatility is likely attributable to old fashioned good luck.
In the tradition of naming ones residuals, I name this "good luck" demographics. That is, as the baby boom has aged, the economy has moderated. In the model at hand, the moderation come from the fact the by the mid1980s the baby boom was fully assimilated into the workforce and had yet to begin retiring. Therefore, the working age population stabilized implying fewer and smaller shocks to the size of the workforce. However, the demographics may play an even greater role than implied by the current 28 paper. The age profile of the workforce is skewed towards workers in their prime working age. Workers in this age group are less likely to change jobs, have fewer days out from work, and tend to find a new job quicker conditional on unemployment (Shimer (2002)).
International Data -A Test of the Model
The question arises as to whether or not the fit of house prices to the model is simply one generated by coincidence. That is, because there exists only a single time series of house prices and demographics, there is a possibility that the model fits well only by chance, one of the grand coincidences in the data. In addition, while I tied my hands in the calibration using only two parameters to fit the shape of the data, perhaps I was lucky and chose the other two parameters in a way which implied a best fit. To find out the answer the question, I turn to international house price data in order to test the model "out-of-sample."
International data is well suited for an "out-of-sample" test because the existence, timing, and intensity (since the late 17th century in the case of Great Britain). Also, both of these countries are constrained geographically, they are both small islands. Alternatively, improved mortgage finance is also often pointed to as a proximate cause for house prices movements. Again, the timing and implementation for these improvements is varied internationally. Therefore, the demographic model's ability to price housing across these countries, all the while keeping the parameters as calibrated for the United States, is in my mind convincing evidence in its favor. Demographics, if not the only driver, appears to have played a significant role in the run-up in house prices in Japan in the 1980s and appears linked to the decline in house prices over the 1990s. Figure 13 shows the time path of real house prices (dashed black line) and the data output by the model (the bold solid line). The model is capable of replicating both the 1974 peak in real house prices and the 1990 peak, albeit the model predicts the peak to occur in 1992 rather than 1990. The model, surprisingly, also predicts the fall in house prices over the last fifteen years. From the model peak year, the model predicts a 30 percent decline in house prices over fifteen years, remarkably close to the actual fall.
The United Kingdom
Real house prices in the United Kingdom are thought to be more volatile than real house price in the United
States. Figure 14 shows that not only is this true but that the peaks in real house prices are very close to the peaks in U.S. house prices (the 1979 peak is slightly delayed). Many reasons have been given for the differences (e.g. the relative urbanization of the United Kingdom, stricter land use regulations ect.); however, once again, demographics appear to be playing a role. Figure 15 shows births in the United Kingdom versus the population under age five for the United States from 1938 through 1960 (essentially the baby boom years for the United States) 21 . Note the sharpness of the baby boom in the United Kingdom relative to that in the United States. The peak of the baby boom occurs right after the end of WWII, matching the common intuition that baby booms occur right after wars, and then drops off sharply not recovering, in levels, until the mid 1960s when they have a second, though smaller in per capita terms, baby boom. 
Ireland
The model is applied to Ireland. I wanted to end with Ireland because it is a country without a dire prediction for house prices going forward because Ireland has a very young population . One result of the very young population is that the model does not predict a decline in house prices until the year 2033. 
Conclusion
This paper has shown that a simple model which takes as given the demographic time series for the United
States is capable of replicating many of the features of U.S. post-war data. I have shown that the demographic impulse implied by the baby boom is a likely driver of both interest rates and house prices and that both of these prices are likely to be influenced for some time to come as the baby boomers slowly retire and eventually die off.
The most important idea to take away from this paper is that while many factors may affect the price of housing -changes in ability to build (Glaeser et For the United States, I use annual data from the Bureau of the Census on the age structure of the population from 1940 through 2005. The Census department conducts a comprehensive population survey every ten years and interpolates annual figures using data on births, deaths, and immigration. For each year, the census publishes data on the resident population by five year groupings (e.g. 20-25 year olds). In addition, the Bureau of the Census publishes population projections annually and by the same age groupings through 2099. I note that, while the projections have almost always proved to be mildly inaccurate I take them as data for the present purpose. As we define the working age population as the entire population between 25 and 64 years of age, this data is taken directly from the Census. House price data from 1970 through 2005 is taken from the OFHEO house price index. OFHEO produces a quarterly repeat sales index of house prices in the United States. While the OFHEO suffers many shortcomings (see Gallin (2005) for an exposition on this topic), it is widely regarded as the benchmark house price series for the United States. From 1963 to 1969, I use an index from the Bureau of Census for the median price of new home sales. While the OFHEO index and the data from the Bureau of the Census do not perfectly coincide, in growth rates, from 1970 forward, the correlation between the two series is high enough to warrant its use in order to extend the sample backwards almost an additional decade (see . A real house price series is created using the consumer price index.
Real The Japanese data define the working age to lie between 15 and 65 years of age. 15 years is too young to be enter into the productive population. I transform the Japanese data in an attempt to remove the 15 to 24 year olds from their working age data. I use United Nations population data for this exercise
The United Nations publishes population estimates by five year age groupings similar to the U.S. data. Unfortunately, this data is only available at five year intervals (i.e. 1950, 1955, 1960 ect.) . Adjusting the Japanese data is fairly straight forward. The key adjustment is moving the leading edge of their baby boom so that they enter the work force in the correct year. That is, according to the Japanese National data, a person born in 1950 would enter the productive population in 1965. I simply take this person out of the working age population until he enters the workforce in 1975 at age 25. Because the U.N. data is at a low frequency, I linearly interpolate to infer annual population adjustments. The method is coarse but comes close to the data I need.
Population projections for Japan are also take from the United Nations data. The projections are available every five years from 2005 through 2050. The data are linearly interpolated to estimate the annual data.
House price data for the United Kingdom is from the Office of the Deputy Prime Minister. This index is used instead of private indices such as Halifax or Nationwide because the data goes back farther (1969) and because the timeliness of the data is not important to the exercise at hand. Real house prices are calculated using the personal income deflator from the National Income and Product Accounts Population data is procured from (GET SOURCE). Similar to the Japanese case the data on the working age population is defined as the population between the ages of 15 and 65. I adjust these data using the U.N. population data exactly as in the case of Japan.
House price data for Ireland are from the Office of National Statistics. Real house prices are calculated using the Harmonized Index of Consumer Prices. Irish population data is available at the same frequency and age categories as are available in the United States. No adjustments are made to the data. 1938 1939 1940 1941 1942 1943 1944 1945 1946 1947 1948 1949 1950 1951 1952 1953 1954 1955 1956 1957 1958 1959 1960 Births 
